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ABSTRACT

de present a preliminary model for heat transport within a
tong~e-anti-reservoirIiquiclaiode for passive solar heating. Tne
CliOde consists of a rect[ingularvertical slot (tong~e) extending fr~
tne bottom o? a rectangular-shapQdreservoir at the reservoir’s front
face. water IS used as the working fluid In the tOngue and
reservoir, Solar radiation is incident on the front face of tne
tongue, Which also loses heat to tne outside, while radiation and
convection transport heat from the back of the reservoir to tne
builaing. ConvectIon transports heat when tne tongue is Irradiated;
however, Whd, convection ceases and the temperature of the tonyue
cools Below thtitof tne .mcservolr(fran exposure tu the odside
temperature), the reservoir stratifies, and the primary h~?at loss
mechanism is conduction through tne tongue and its fluia. The result
is a passive solar component that may outperform nmst othurs. Flow
in tne tongue IS tr~atx a-ibounaary layer flow; Lhe integral forms
of the governing equht!ons are comDined to form a single equation
governing the local Mund?ry layer thickness. The results are shown
to cJepenaupon toe Grdshofo Prandtl, and heat-loss Iiiotnumbers.
Results fran this mo~el ayr+e we’1 with those from our flow
vl%ualization experiments. He also pr~pose a mdel for diade heat

W&3--~e7f6Fii&IUtT&FER aUSUiCIPS of- the US [)epartwnt of tnelg-, dffice
of Soldr lieaLTcchnulogy.
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transport processes during cool-down. In this model, an empirical
coefficient accounts for the weak convective mixing that occurs in
the reservoir during this phase. Preliminary results indicate tne .
coefficient to be spatially dependent but Independent of time and
reservoir temperature. More experiments are planned to further
validate both of the models described above.

I. INTROWCTION

Recent analyses (Ref. 1) have shown that the performance of passive

heating systems could be doubled by using nme effective means of transporting

passively collected solar energy to the building interior. Because of the

large conversion efficiencies that result from such increases, the cmnon

constraint of utilizing only those surfaces that face the equator for solar

collection no longer applies. It is conceivable that, with the whole surface

area available for solar collection, we can work toward utilizing the entire

envelope area of the building.

As a first step towards achieving this goal, we mst investigate thermal

transport mechanisms or devices that operate at equal or increased rates of

solar collection and reduced rates of heat loss relative to those that are

presently state-of-the-art.

Amng the advanced thermal transport devices currently under study are

thermal diodes*. Thermal diodes transport heat preferentially in one

direction. Thus, heat that is collected at the surface of a building is

transported efficiently to the inside, but heat cannot readily escape from the

building along the same path.

tieare presently investigating trm types of thermal diodes. first is a

two-phdse (Iiquld-vapor) diode that transports heat by means of the working

fluid’s latent heat of evaporation from a hot surtam (collector/Doiler) to a

cool one (condenser). A recent study by Hedstrom (Ref. 3 and personal

commmication) showed that such systems are capable of transporting heat

downward a dlstlnce of about 5.5 m (ltlft) with wvall system efficiencies ot’.—
about 5Ur’ The downward transport of heat Is essential fo~ ‘he use of

roof-mounwd apertures.
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The second, slightly less complicated type, is the liquid convective

diode, which transports heat by means of a single-phase liquid by convective

nntion fran a heated absorber surface to a higher-placed, cooler reservoir.

Thus, the liquid convective diode performs as a collector and storage

cumponent in a single unft.

Convective diode geometries have been proposed by Jones (Ref. 4), Maloney

(Refs. 5, 6, 7, and 8), Trefethen (Ref. 9), and Trefethen and Chung (Ref.

10). The geometry described in Ref. 10, investigated in more detaii byChung

and Trefethen (Ref. 11), consisted of a stack of inclined flat pl~tes bounded

by a hot slab on one side and a cool one or?the other. He;e, the hot slab

represents a collector surface and the cool slab, a heat exchange or energy

storage device. The inclination angle of the plates generates a series of

vertical cavities that slope upward from the hot to the cool slab. During

heating, density imbalances within each cavity cause convective heat transfer

from the collector to the heat exchanger or storage. However, when heating

ceases and the collector is allowed to cool through heat loss to the outside

temperature, the fluid layers within each cell 5ecome stable, and heat
transport in the Opposite direction iS primarily by molecular conduction

through the stacked plates and the stagnant working fluid.

The behavior described above is fundament~l to all convective diode

geometries; we note that convective diode operation consists of two distinct

phases:* warm-up, where heat is transported to the diode from solar heating;

and cool-down, where heat is transported fran the diode to the outside. ...

Further heat transport may occur to the building directly from hot surfaces of

the diode during either cf these two phases.

This paper concerns the analysis of heat transport processes in a type of

liquid convective dicde (hereinafter referred tn as “diode”). Both

experimental and analytical methods have been employed and preliminary

performance models are proposed from themetic~l considerations and frcnnthe

resu’ts of the experiments.

A. Diode Ilescriptlonand Operation——-
The geometry for the diode under consideration, shown In Fig. 1, consists

of a rectangular vertical slot (tongue) extending fr(nnthe bottom of a

rectangular-shaped reservoir at the res trvoir’sfront face. Water is used us

the wrkiny fluid In both the tongue and reservoir. In operation, solar

radiation 1s incident on the front face of the tongue, which Is also Ioslng
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heat to th..outside bmyconvection and infrared radiation. Simultaneously,m

radiation and convection heat transfer occur at the back face of the

reservoir, which is exposed to the interior of the building. All other outer

surfaces of the diode are insulated. ,

Hithin the diode, heat is transported by convection when the tongue is

heated (warm-up phase). Howver, when convection ceases and the temperature

of the tongue is reduced below that of the reservoir by ambient cooling

(cool-down phase), the reservoir flow stratifies and conduction through the

stagnant tongue fluid and the tongue itself occurs. Thus, .itis the location

of the tongue relative to the reservoir that supports stratification within

the reservoir during cool-down, and it is stratification that causes the diode

effect. Accordingly, heat losses to the outside are significantly reduced

compared with what they would be if convection were to occur during this

phase. We further note that within a conventional water wall, convection will

always occur during nighttime cooling unless the wall is adequately insulated

from outside temperat~res. NCInmvable insulation is required for the diode.

The diode geometry considered here is a variation of that proposed by

Maloney (Refs. 6 and 7) and shown in Fig. 2. The latter configuration employs

an offset between the front face of the reservoir and tongue, thus allowing

many diodes to be stacked upon one another by fitting the tongue of one diode

into the offset in the reservoir below it.* Such an arrangement utilizes

nearly all available sol~r-aperture area and produces a smoo+.happearance of

the diode stack from both inside and outside the I.uilding.

We believe that the heat transport processes that occur within the diode

are not sensitive to the differences in geometry between the Maloney-proposed

design and that which we i?restudying, provided the offset channel connecting

the reservoir to the tongue is properly designed. Because this cor)cluslon

kill become nmre app?rent during dfscusston of the experimental results, no

further justification will be given here.

B. L)escriptlonof Experiments——
To control the rate of heat Input to the diode, the front face of the

tongue (see Fig. 1) was tl.ted with a strip-heated copper plate 0.45 mz

(4.85 ftz) in area and 1,65 mn (0.Ubb In.) thick. The strip heaters were

placed on 7 cm (2.7!iin.) centers to provide heat flux on the inside surface
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of the tongue uniform to within 3% as determined by a method developed by

Jones (Ref. 12). The strip heaters are capable of supply’tlgheat fluxesnf up

to 1 kW/m2 to the tongue flow controllable by a variable AC pwer

transform.

A rake supporting 27 copper-constantan thermocouples (11 in the reservoir

and 16 in the tongue) was installed in the diode as shown in ?igs. 3 and 4.

Data frcxnthese sensors together with ambient temperature and heater-plate

t~erature wre automatically scanned during warm-up once every 30 seconds

for the first 20 minutes of the experiment, and once every minute thereafter

at a rate that varied from 1 channel per second to !,5chanhels per second.

Power dissipated by the strip heaters was held constant during any single

warm-up experiment and was recorded manually.

During the warm-up phase, the entire outer surface of the diode, except

for the back face of the reservoir, was covered with polystyrene insulation a

minimum of 7.6 cm (3 in.) thick. A layer 15..2cm (6 in.) thick was applied to

the heating-plate surface area. During cool-down, the insulation covering the

heating plate was removed and power to the heating plate turned off

simultaneously.

In addition to temperature measurements, flow-visualization experiments

we aiso performed using high-impact polystyrene beads of 0.1 nun(0.U78 in.)

nominal size and having a specific gravity of about i.C14. A small amohnt of

salt was added to the water in the diode to bring the beads to a neutr~lly

buoyant condition, Videotaping of selected experiments was performed for

future reference.

co Heat Transport Analysis

1. Warm-up Phase. Past studies of natural convection in

large-aspect-ratiovertical slots of the type by Elder (Ref. 13); Buchberg,

Catton, atldEdwards (Ref. 14); and Randal1, Mitchel1, and E1-Wakil (Ref. 15)

apply to a totally confined geomet,’yand not to the present geometry of an

open-ended tongue. Because of the lack of an upper-end effect in our case aild

under the guidance of preliminary flow-visualization results to be discussed

later, we theortze fluid motion within the tongue to be boundary layer-like;

that is, one boundary layer results fl’omthe fluld rising adjacent to the

heated tongue surface and another cne results from the descending flow on the

cool, opposite face of the tongue. This behavior is clearly expected under

the condit ons of large tongue thicknesses and small-to-mderate heating
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rates; for in these cases, a nonconnective core exists such that no mnentum

transport between the rising and falling flows is possible. For the present

analysis, the effect of momentum transport between the opposing boundary

flows is neglected.

We further assume that energy storage rates during warn+up are small

relative to the convective heat transfer rates, so that heat-transport

processes during this phase may be treated as quasi-steady. All fluid

layer

properties are also assumed to be constant in this analysis and the next.

Consider the boundary layer flow of water over the irradiated tongue of a

diode that also loses heat to the outside by radiation and’convection. The

situation is depicted in Fig. 5. The geometry and other variables used in

this and the following analysis are given in Fig. 6.

The integral forms of the boundary layer equations are written as

6 6
2

k J
U dy = -V

I($Y=9+ CJii(T -Tm) dy

o 0

6

& J
u(T - Tm) dy = -k&

I
.

0 Y=o

These equations may be integrated and solved simultaneously after

establishing generalized shapes of the velocity and temperature profiles.

This is done in the usual way (see Ref. 16) by assuming a quadratic

temperatureprofile and a cubic velocity profile and evaluating all of the

coefficients except one from the available boundary conditions. Thus, we

assuw here

“T-Tm=Ao+ALy+A2y2 ,

IJ= b. + b~y + B2y2 + B3y3 .

(1)

(2)

(3)

(4)

I’heboundary conditions for this situation are
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T(x, y=d)=Tm , (5a)
.

Z IaYy =6= o,

-k~y=o=q - UL [T(x, y = O) - Ta]

and

U(x, y=o)=(l ,

U(X, y= 6)=0 ,

(5!)]

(5C)

(6a)

(6b)

(6c)
~
ay I

=0 ,
y=l

2

“y= -g~ [T(x, y = O) - T~ . (6d)

Eq. (6d) results from the boundary layer form of the momentum equation

written at the tongue wall.

Eqs. (3) and (4) become with Eqs. (5) and (6)

2
T -Tm=q6 (1-n)-,

2k [KLI+ 1]
(7)

where



~zq+U(T
L’ a -T~ ,

&

K E UL/k ,

n~ y16 ,

and

~
u (2s=n l-11) (8)
x

respectively. Here, Ux is an unknown function of x as is the local boundary

layer thickness, d. These will be determined fran the solution of Eqs. (1)

and (2). In arriving at Eq. (8), the relationship

63
ux-m (9)

also holds.

Combining Eqs. (7) and (8) with Eqs. (1) and (2), integrating each and

eliminating the proportionality constant [implied by Eq. (9)] between them, we

obtain the dimensionless form of the governing equation for the local boundary

layer thickness

d; 360 (tli;+ 1]2—-
di Pr Gr~ (3 Bi is + 5$4)

5
~+ 4(l+7~i;

‘1

=0 , (10)

5Pr(l +~Bi ~)



,.
x = x/L ,

Bi ❑ LUL/k (Biot number) ,

Pr s v/K (prandtl n~lberj ,

and tne initial condition ~ (~ = O) = ~i is determined from experiments.

Once Eq. (10) is solved for the bounclar~ laye: thickness, t:!e local

temperature and velocity profiles are determined from Eqs. (7) anti (6),

respectively. Additional 10Cal ana integrated heat-transfer and fluia-flow

results may tnen be obtainea directly from tMSe values.

Most significant among these results is an expression for the integrated

thermal performance of tne cliodeas a solar collector. A steady energy

Dalance on tne tongue of the diode gives

qa(x) m q - UL [T(x9 y = O) - Taj ,

where qa(x) is the net local neat flux on the tongue surrace. After

nondimensl(.rnalizlng,substituting Eq. (7) ana integrating, we Obtdifl an

expression for the instantaneous tnermal efficiency of tne aiode tongue as

(12)
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lienote that Eq. (12) is in the same form as the conventional Hottel-’

iihillier-tlliss(liWB)expression for the instantaneous efficiency of a flat

plate collector (t{ef.17) with the term in the curly brackets denoted as the

“collector heat removal factor,” FRO. Thus, for a diode

One notable difference here, however, is that FR for a flat plate

collector is nearly constant for a given system, whereas for a diode it is a

function of fluid properties (which, over long time periods, depend on

te~erature) and, nnre importantly, rate of heat input to the diode tongue.

This result is a direct consequence of the fact that forced convection is

usually e~loyed in systems using flat plate collectors, whereas natural

convection driven by heat input to the tongue is the heat transport mechanism

in diodes.

We further ~ote that for any nonzero value of Bi, Eq. (12) predicts

reduced values of efficiency for increased boundary layer thicknesses. This

result is in agreement with the explanation that because the boundary layer is

the distance over which the fluid temperature is greater than T , thicker

boundary layers produce higher temperatures at the tongue surfa~e than to

thinner ones. Higher surface temperatures increase me rate of heat loss and

thus reduce diode efficiency.

Turning attention to the reservoir temperature, Ta, in Eq. (12), we

expected and experimentally verified that even at.low rates of heating of the

diode tongue, the vigorousness of corlvectionwithin the reservoir from the

rising tongue fl~w is sufficient to cause the reservoir to operate at

near-isothermal conditions dt any instant in time. Thus, Ta is determined by

solving a lu~ed energy baldnce on the diode accounting for the energy inflow

at the tongue, the energy outflow at the reservcir’s back, and energy

storage. This balance is solved iteratively with Eq. (12) to obtain the ,,

correct values of E and T~.

10



it is of further interest here to examine Eq. (10) for the limiting case

of no heat loss to the outside. For this case, the solutions fromEq. 16 may

be compared with the results obtained fran the experiments, for in these, the

heat flux supplied to the tongue is known.

Eq. (10) becomes

and may be integrated insnediatelyto obtain

~= (360)115 ~r-215
(:+p~)’’’GL-5’5 ●

Fran Eqs. (8) and (9), the maximum velocity within the ooundary layer

occurs at y = 6/3 and for the location x = L, it may be written as

-2/5 *215
umax -+(360)-2/5 Pr4~5 (~+Pr) GrL .

(13)

(14)

2. Cool-down Phase. A short time after heating

cowection in the tcrlgueand the vigorous convective

reservoir caused by fluid motion in the tongue stop.

transport mechanism is replaced by a weak convective

OF the tongue cmses,

mixing within ttx?

The latter heat

motion in the reservoir

caused by two simultaneously occurring, independent effects.

The first effect is the result of convective cooling of the reservoir

fluid adjacent to the back face of the reservoir Caused by beat lransport to

the building. The direction of this motion is ~oktt at the back face of the

reservoir and up through the remainder of the reservoir’s horizontal cross

section.
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The second effect results frcxncooling of the reservoir frcxnbelow by the

tongue. Because the area for this cooling is of wiuth, t, and the reserv~ir

is of a larger width, d, the coollng process attempts to establish horizontal

temperature gradients within the reservoir. Convection occurs because the

fluid cannot support these gradients. tiebelieve (although it is not as yet

verified) that this convection is cellular in nature because the magnitudes of

the effects of convection and conduction are of equa? order.

As a first approximation to a more detailed model, we will assume here

that all effects in the reservoir that occl!rin the ya d~regtion may be

l.~ed. The motivation for this assumption is the absence of any yin-direction

temperature gradients here, as di$c’Jsscdabove. Thus, the heat-conciuction

term in the reservair model becomes one dimensional (In the Xa direction) and

acts througilan area of width,,t. The energy storage term accounts for all

the energy stored in the rcsepoir fluid of width, d. A term accourttingfor

heat transport within Lhe reservoir caused by the weak mixing described above

is included in the model and employ:;an empirical cnnvect~on coefficient.

Finally, because of the thinness of th~ tong~e, the tongue mdel al~o

include> the assumption that conduction in the y direction is lumped.

S~bject to iht! above conditions, the dluwnsianless form of the energy

balance for the reservoir becomes

A Y* Num (15)
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Num accounts for energy t~ansport within the re~ervoir caused by weak

convective mixing and is determined from experiments. .
The boundary conditions for this problem are an insulated condition at the

reservoir top and a condition that matches the reservoir temperature with the

tongue temperature at the location where the reservoir and tongue meet. Thus,

the boundary conditions and initial condition become

8
and IJJm(I-Ire,r = 0) = 1 .

(16a)

(16b)

(16c)

Eq. (15) is solved by the usual methods of superposition and separation of

variables to obtain the reservoir tempera~urc distribution.

b cosh ~.nc,,
*W (n,.,T) =-—---— +

Costlp
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+ a$ (q ‘l, T) ,

I cosh v n

I

w
m fi +1/2) ~(-l)i-~tanhu

J —- 2
cosh v z

i-o
M2 + (i + 1/2)2 ~2

2-v TUie
I

Cos (1 + l/2)mm , (17)

where V~, i = (j + 1/2)2 X2 A+y2Num,
w

etc.,

In Eq. (17) both series terms represent the transient portion of

temperature distribution that are dominant for small periods of elapsed ime.

The remaining terms in Eq. (17) represent the steady-state temperature

distribution that persists after long periods of cool-down time have elapsed.

The dimensionless form of the energy balance for the tongue is written as

L UfL
IX=r, Nufz~.

The B2 te~ appears in Eq, (18) because the time scaling for this analysis

is the same as it Is for the reservoir analysis, where~s the length scales

different.

● 14

(18)
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Here, the boundary conditions are an insulated condition at the tongue

bottom and a condition that matches the heat flux from the reservoir to ~hat

inb the tongue at the location where the reservoir and tongue meet. The

latter condition in canoinati’onwith the matching of temperatures at the

tongue and reservoir interface ensures that both heat flux and temperature

continuity from the reservoir to the tongue are maintained-

The boundary conditions and initial condition become

g I -0 ,
~

I
- -qpn ,

~-o r)=l

and$(n, T=O)=l .

(19a)

(19b)

Here qL is the dimensional heat flux from the reservoir to the tongue, and

qn is a normalizing heat flux defined by

qn = : (Ti - Ta) ●

We again employ superposition and separation of variables to obtain the tongue

temperature distribution.

q~

[
$dng~)-l+~ 1-

v cosh vn
+

v % sinh v

m

>

(-l)n
2’ 2

e-A:T
cos nun

I
B

+ n2 Kz
nmlv

(20)

where A: ~ (nmB)2 + 02 a Nuf ,

15



and V* : a Nu= .I

The Fourier series Eqs. (17) and (20) are solved simultaneously* to obtain

the final temperature distributions in the reservoir md tongue,

respectively. Expressions for heat-transfer rates and thermal performance of

the diode during cool-down are then obtained directly from these solutions.

11. RESULTS AND DISCUSSION ,

P.. Flo+Visualization Experiments

Two experiments using high-impact polystyrene beads as flow-visualization

media were performed. In the first experiment, the tongue was heated at a

rate of 750 W/m* (high-flux case), and in the second, at a rate of 250

W/m2 (low-flux case).

For the h~gh-flux case, we noted that the upflowing stream from the tcngue

traveled along the diode’s front face until it reached the free surface at the

top of the reservoir. At this location it turned, moved along the free

surface for some short distance and bugan its descent. The thickness of the

rising layer of fluid in the reservoir was about 1 cm (0.39 in.) and did not

appear to thicken with distance traveled. The remainder of the reservoir

fluid that was~not involved in the upflow moved downward slowly, where, upon

approaching the entrance to the tongue, it accelerated very rapidly, The

boundary-layer thicknesses in the tongue were about 0.65 cm (0.25 in.) for the

upflow and about twice that for the downflow. The upflow velocity was

ll~~suredat about 1.7 cm/s (0.67 in./s). Little, if any, interaction between

the two opposing SLreMIS In the tongue was noted. The flow appeared to be

laminar and two dimensional throughout. In addition, we could not detect

evidence of flow separation as the flow fran the reservoir entered the

tongue. Quasi-steady condition~ wele reached after about 10 minutes of

heating for this experiment.

any

After about 1 hour of heating, results t’romthe low-flux case experiment

were similar to those of the high-flux case. The upflow velocity at the top

of the tongue was about 1,1 cm/s (0.43 in./s) and the boundary-layer

thicknesses wre approximately those of the high-flux case, Before 1 hou? of

heating had elapsed, the upflow from the tongue penetrated only a fraction of

I
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the distance Into the reservoir before it cooled, turned away from the wall,

and descended. Me noted the penetration depth of the upflowing stream i~to

the reservoir to increase with time, as expected. Again, no strong

interaction between the opposing fluid streams in the tongue was detected.

A comparison between the calculated and masured boundary-layer

thicknesses and velocities within the tongue at x - L for the two experiments

is presented in Table 1.

boundary-layer thickness

good agreement validates

inspecting Eq. (7), that

The results indicate agreement to within 12% for

and closer agreement for velocity. We feel that the

the model for the data obtained. ,We further note, by

because the fluid temperature is nearly proportional

to the boundary-layer thickness, similar good agreement should occur between

the measured and calculated temperature distribution. More experiments are

planned to validate this supposition.

TABLE I

COMPARISON OF CALCULATED RESULTS FROM EQS. (13) ANII (14)
WITH THOSE FROM THE FLOW VISIJALIZATIONEXPERIMENTS

Heating Rate ~r*
‘~:alc(cm) ‘meas(cm) ‘maxcalc(cm/s) ‘maxmas(cm/s)

–l!&_ L . . —

750 1 x 1011 0057 0.65

250 3 x 1010 0.72 ‘(l .65

B. Temperature Histories

1.56

0.96

1.7

1.1

To date, we have performed several experiments to determine the thermal

behavior of the reservoir during the warkup and cool-down phases of uperation.

Time/temperature histories at eight locations within the reservoir (see

Fig. 3 for the location of each thermocouple number) during a 750 W/m2

warn+up experiment are shown In Fig. 7. We note the agreement of all

temperatures to within 1*C. When this experiment was performed, the

voltmeter/scannerc~onent of the data-acquisition syst,emwas capable only of

resolving temperature to within 0.5”C. We feel that part of the l-C

difference in Fig. 7 is caused by this inaccuracy and that the actual

difference is probably closer to 0.5”C. Fran the results shown in Fig. 7, we
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alsc note that the assumption of a well-mixed reservoir during warm-up is

quite accurate and thus the initial conditions, Eqs. (16b) and (19b), are’

validated.

The time/temperature histories at five horizontal locations within the

reservoir during a 12-hour cool-down experiment are shown In Fig. 8. Here,

temperature gradients in the horizontal direction are seen to be ~mall or

nonexistent, as was expected, because of the convective mlxlng within the

reservoir during this phase.

Calculated [frcnnEq. (17)] and experimental time/tempe~ature histories at

four vertical locations within the reservoir are compared in Fig. 9. Here,

Tb and Ta were maintained at abput a constant 24-C; the init~al reservoir

t~erature was uniform at about 44”C. The synbols *, #, @, and & represent

calculated temperatures and the solid lines represent experimental data. In

the calculations, the convection coefficient, Num, was assigned the values

of 1.6, 1.9, 1.9, and 0.5 at the four vertical locations, respectively,

starting at the uppermost location. From inspection of Fig. 9, we note that

the reservoir-fluid temperature, as expected, stratifies Increasingly with

time. We also note very good agreement (differences of less than 0.5”C)

between thecalculatd results and the data, the good agreement persisting

throughout the duration of the experiment. Thus, we suspect that Num

depends only on vertical location within the reservoir and possibly reservoir

geometry but not on time or uemperatur~ differences within the reseivoir or

between the reservo~r and its environment.

111. CONCLUSIONS

The warm-up and cool-down phases of operatlol~of a convective liquid diode

have been analyzed by experiments and theory. Reasonbly good agreement Is

obtained betwen the results from several experiments and those from

relatively sl~le analytical models; however, furiher validation of the models

Is needed. At this stage of research, It appears that, because of the

vigorous rate of convective heat transport during warm-up and the dlmlnlshed

rate of heat loss during cool-down, a well-designed llquld convective diode

should be able to outperform most other passive heating components.

Along wlth~,del validation and reflnenwnt, the issues of diode materials

and mdnUfachIrlng must be addressed. In particular, It Is essent~al for good

diode performance to mlnlmlze the thermal resistance through the front face of
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the tongue and the back face of the reservoir while maintaining large thqrmal

resistances thrmgh the remaining surfaces. Also, uniform material

thicknesses in the to~gue are criticdl in maintaining a uniformly thick flow

passage to ensure proper flow through it and good performance.
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a

b

A, B

Bi

d

E

‘R

9

Grt

I

&

L

Num

Pr

T

T

u

‘max

u~

NOMENCLATURE

(Ti - Ta)/(Ti - Tb)

(Ta -Tb)/(Ti -Tb)

Constants in Eqs. (3) and (4)

Biot number, L~/K, dimensionless

Depth uf reservoir, cm

Thermal efficiency, dimensionless

Collector heat-removal factor, dimensionless

Acceleration of gravity, m2/s

Mod: .shof number, gB~L4/v2K, dimensionless

Inso”~h incident on glazing covering diode tmgue , W/m2

Thermal conductivity, H/cwK

UL/K, cm-l

Reservoir height, cm

Tongue height, cm

Empirical heat-loss coefficient in Eq. (15), dimensionless

Prandtl nunber, V/K, dimensionless

Heat flux at inside of tongue surface frum Irradiation of this
surface, W/m2

q + Ul,(Ta - Tm), W/mz

Net heat flux at inside of tongue wrface, W/m2

Temperature, “C

Tongue thickness, cm

x-c~onen~ of ve?ocity In tongue, cmls

Maximum x-component of velocity In tongue, cm/s

Characterlstlc veloclty In tongue defined byEq. (9), cm/s

Loss coefficient from Inside front surface of tongue to ambient,
W/cm2-K
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L!b Loss coefficient through the back surface of the reservoir, U/cd7K

x Vertical coordinate, cm

Y Horizontal coordinate

Gr~k S~bols

a L/T. dimnslonless

(a~)p Effective absorptanse-transmittanceof glazing and absorber surface
on tongue, dimensionless #

Coefficientof thermal expansion for water, dimensionless

R!L, dimensionless

I/d, dimensionless

Instantaneous boundary-layer thickness, cm

Vertical coordinate, dimensionless

Thermal diffusivity, c~ls

t/d, dimensionless

(Y2 N~/h)l/2. dimensionless

Kinematic viscosity, cm2/s

~*k/&2, dimensionless

Time, S

T- Ta/Ti - Tat dimensionless

‘b - Ta/Ti - Tao dimensionless

2!&c!E.&
e Reservoir

b Building

i Initial

a Ambient

Superscripts

A

Nmnal iZed by L
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Fmtnote p. 2
*The type of thermal diode discussed here should not be confused with that
studied in the past by Buckley (Ref. 2) and others, wherein a mechanical check
valve was installed into a flowing stream to prevent reverse flow. Here the
geometry of the diode itself is used to eliminate reverse flow.

Footnote p. 3
*In addition, as indicated by Maloney (Refs. 5 and 8), for convective diodes
using water as the varking fluid, a third phase of operation exists when,
during cool-uown, the temperature of the cooled surface is reduced below that
at which tile density of water is maximized. During this phase, convection
opposite to that during warm-up is believed to occur and, thus, prevent
freezing of the cooled surface. This feature is useful,fo~ applications in
climates where freezing nighttime conditions are comnon.

Footnote p. 4
*Sufficient space remains between the tongue and reservoir for a layer of
insulation to thermally isolate the cool tongue from the warm reservoir.

Footnote p. 16
*One method to do this proceeds by initially assuming a vaiue for qL/qn in
Eq. (20) and solving for $(n, T). After obtaining the expression for
qL/qn fr~ Eq. (17)* substitute the resl~ltv(n = Is T) into it to obtain
an improved estimate of qL/qn. This is substituted into Eq. (20) and the
procedure repeated until suitable convergence is achieved.

FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4,

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Diode geometry.

Diode geometry proposed byhialoney (i(efs.6 and 7).

Thermocouple rake used in diode. Upper part is shown in this
figure. Thermocouples are numbered as shown.

Thermocouple rake used in diode. Lower part is shown in this figure.

Boundary layer flow over irradiated diode tongue with heat losses to
the outside temperature

Variables used in heat transport nmdels.

Te erature in reservoir during warm-up. Heat flux to tongue is 750
?Ii/m.

Temperature history along horizontal plane in reservoir during
cool-down.

Temperature histories at four vertical locations in reservoir during
cool-duwn. Solid lines are experimental data and synbols are
calculated results.
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